Nonribosomal peptide synthetases (NRPSs) produce a wide variety of peptide natural products. During synthesis, the multidomain NRPSs act as an assembly line, passing the growing product from one module to the next. Each module generally consists of an integrated peptidyl carrier protein, an amino acidloading adenylation domain, and a condensation domain that catalyzes peptide bond formation. Some adenylation domains interact with small partner proteins called MbtH-like proteins (MLPs) that enhance solubility or activity. A structure of an MLP bound to an adenylation domain has been previously reported using a truncated adenylation domain, precluding any insight that might be derived from understanding the influence of the MLP on the intact adenylation domain or on the dynamics of the entire NRPS module. Here, we present the structures of the full-length NRPS EntF bound to the MLPs from Escherichia coli and Pseudomonas aeruginosa. These new structures, along with biochemical and bioinformatics support, further elaborate the residues that define the MLP-adenylation domain interface. Additionally, the structures highlight the dynamic behavior of NRPS modules, including the module core formed by the adenylation and condensation domains as well as the orientation of the mobile thioesterase domain.
Nonribosomal peptide synthetases (NRPSs) 2 are fascinating modular enzymes that use an assembly line architecture to produce important peptide natural products (1) (2) (3) . During synthesis, the amino acid building blocks are bound to peptidyl carrier protein (PCP) domains that migrate between catalytic active sites for the requisite steps in the biosynthetic pathway. Most NRPS modules contain an adenylation domain that activates the correct amino acid and loads the PCP domain. Internal modules contain a condensation domain that transfers the upstream amino acid or peptide to the newly loaded amino acid, extending the peptide length by one residue. Freed from the constraints of standard ribosomal synthesis, NRPS products display a wide range of chemical structures.
The chemical diversity of NRPS products is further enhanced by the presence of additional internal domains or external proteins that modify the nascent peptide (4 -6) . In addition to these tailoring enzymes, some NRPS biosynthetic clusters contain genes encoding small (ϳ70-residue) proteins. Named after the MbtH protein from the Mycobacterium tuberculosis mycobactin operon (7) , these MbtH-like proteins (MLPs) were shown simultaneously by Thomas and co-workers (8) and Walsh and co-workers (9) to function as activators of acyladenylate formation. The MLP-NRPS interactions exhibit several interesting features. Some adenylation domains also require MLPs as chaperones and cannot be expressed without their MLP partner (10) . Furthermore, genetic and biochemical studies have shown that MLPs can activate NRPS proteins in different biosynthetic clusters within a species and can be substituted heterologously in different species (11) .
Structural studies of MLPs and MLP-adenylation domain complexes have been performed to aid in explaining the role of MLPs in NRPS biochemistry. MLPs have a consensus sequence identified as NXEXQXSXWPX 5 PXGWX 13 LX 7 WTDXRP (12) where X represents any amino acid. Particularly striking are the highly conserved proline and tryptophan residues. The crystal structure of an MLP from Pseudomonas aeruginosa called PA2412 (13) and the solution structures of MLPs from M. tuberculosis (14) and three other organisms (Mycobacterium marinum (Protein Data Bank code 2MYY), Mycobacterium avium (Protein Data Bank code 2N6G), and Burkholderia pseudomallei (Protein Data Bank code 2LPD)) that have not been published all show a flat architecture with three ␤-strands and an ␣-helix that lies across the ␤-sheet. Both the N and C termini form flexible coils or, in two structures, a short helix at the C terminus. On one face of the MLP, two of the three conserved tryptophan residues are oriented parallel to each other, forming a small cavity (13) .
NRPS adenylation domains have two subdomains, a large N-terminal subdomain and a smaller (ϳ110-residue) C-terminal subdomain, that adopt multiple orientations to catalyze the adenylation and thioester-forming partial reactions (15) . The crystal structure of SlgN1, an unusual NRPS adenylation domain with an MLP fused to the N terminus in a single protein chain, offered the first view of the interaction between the MLP and adenylation domains (16) . To crystallize SlgN1, the C-terminal subdomain of the adenylation domain was truncated. The MLP domain of SlgN1 bound to the N-terminal subdomain distal to the active site, with the tryptophan cavity coordinating the side chain of Ala-433 (16) . Mutation of this alanine to glutamate abolished acyladenylate formation, confirming that the observed binding interface was required for MLP activation of SlgN1.
The NRPS pathway for the biosynthesis of enterobactin in Escherichia coli has served as a model system for understanding the assembly line architecture (17) . Enterobactin is produced by three NRPS proteins, EntE, EntB, and EntF, that convert three molecules of serine and three molecules of 2,3-dihydroxybenzoic acid (DHB) into the trilactone product ( Fig. 1) . In enterobactin biosynthesis, EntE first loads a molecule of DHB onto the aryl carrier protein EntB (18) . Similarly, a molecule of serine is loaded on the EntF PCP domain by the activity of the upstream adenylation domain. The EntF condensation domain then binds to loaded EntB protein as well as the downstream PCP to catalyze amide formation. The terminal thioesterase domain transfers the DHB-Ser amide to a catalytic serine within its active site. Three cycles allow for the formation of linear enterobactin that is released through lactone formation catalyzed by the thioesterase domain. Key chemical steps in enterobactin synthesis, namely the thiolation of EntB catalyzed by EntE (19, 20) , the thiolation of the internal PCP by the EntF adenylation domain (21) , and the interaction of the EntF PCP with the downstream thioesterase domain (22, 23) , have all been structurally characterized.
The adenylation activity by EntF is enhanced in the presence of the MLP YbdZ, which is encoded within the enterobactin operon. In contrast, activity of the freestanding adenylation domain EntE is not influenced by YbdZ (8) .
We have recently determined the structures of EntF and AB3403, a terminal NRPS module from Acinetobacter baumannii with the same domain architecture (21) . These structures showed how the large conformational change in the adenylation domain (15) results in two conformations that transport the PCP between the adenylation and condensation domains. Comparison of the crystal structures of EntF, AB3403, and SrfA-C, the terminal module from surfactin NRPS cluster, showed that NRPS modules are highly dynamic (21, 24) . Additionally, the thioesterase domains of SrfA-C and AB3403 adopt different positions, and this domain was disordered in the structure of EntF. Negative stain electron microscopy corroborated the dynamic NRPS module observation and showed multiple locations for the thioesterase domain. A second recent study presented multiple structures of LgrA, the initiation module of the linear gramicidin NRPS (25) , which contains a formyltransferase domain upstream of the adenylation and PCP domains. The LgrA structures showed an additional subdomain movement within the adenylation domain that delivers the PCP to the formyltransferase domain.
We present here new crystal structures of EntF obtained via co-crystallization of EntF with the E. coli MLP YbdZ and the MLP from P. aeruginosa PA2412, which can also activate EntF. Although the MLP-adenylation domain interaction is similar to SlgN1, the interaction can now be analyzed in the context of not only an intact adenylation domain but also a complete NRPS module. The structure also allows us to compare an adenylation domain in the presence and absence of an MLP. The structures show that MLP binding has no effect on the structure of the EntF adenylation domain.
The EntF structures also show a new position for the thioesterase domain compared with the earlier characterized NRPS modules. The downstream thioesterase domain makes very limited contacts to the core of the module, supporting the highly dynamic architecture for NRPS modules. Finally, the condensation domain structure both supports the dynamic module hypothesis and depicts a new potential opening mechanism for the downstream PCP.
Results
Structures of EntF Bound to MLPs-We determined the crystal structures of EntF in complex with two MLPs in a new crystal form. Crystals of EntF bound to the E. coli YbdZ diffracted to 3.0 Å. The structure was solved by combing partial data sets from three crystals ( Table 1 ). Crystals were obtained by incubating EntF with the serine adenosine vinylsulfonamide (Ser-AVS) mechanism-based inhibitor used in the original EntF structure (21) . This resulted in covalent trapping of the PCP in an interaction with the adenylation domain in the thioesterforming conformation. In contrast to the previous EntF structure, the thioesterase domain was also ordered in the new crystal form (Fig. 2) .
PA2412, the MLP from the P. aeruginosa pyoverdine NRPS cluster, activates EntF acyladenylate formation similarly to YbdZ (see below). Crystals of EntF bound to PA2412 were isomorphous with the EntF-YbdZ crystals and also diffracted to 3.0 Å. PA2412 was bound in the same location as YbdZ with similar contacts (Fig. 3) .
In both structures, there are several short unresolved loops. EntF from the YbdZ complex starts at residue 21, whereas EntF of the PA2412 complex starts at residue 16. This is accompa-nied by an unwinding of ␣1 in the condensation domain. There are four or five unresolved residues starting at residue 63 as well as two or three unresolved residues starting at residue 335 in the condensation domain. The entire adenylation domains of both structures are intact. The adenylation-PCP and the PCPthioesterase domain linkers are disordered in both structures. The adenylation-PCP linker becomes unresolved at residue Leu-963, two residues after the important LPXP motif, which is critical for anchoring of the A10 motif (26) . Finally, within the thioesterase domain, residues 1172-1181 are unresolved in both structures; residues 1245-1249 are only unresolved in the YbdZ complex. Both YbdZ and PA2412 are completely resolved with the exception of a few C-terminal residues. The overall average B-factors as well as the average B-factors for each individual domain are higher in EntF-PA2412 compared with EntF-YbdZ (Table 1 ). Simulated annealing 2F o Ϫ F c composite omit maps show unambiguous electron density for the presence of both YbdZ and PA2412 ( Fig. 3 , C and D). The refined electron density is clear; however, the less biased omit map density does show some disorder, perhaps reflecting the low resolution or possibly substoichiometric binding of the MLP or dynamics at the solvent-facing side of the MLP.
The Interaction of MLPs with the EntF Module-Both MLPs bound to the EntF adenylation domain in the same location and orientation as seen in SlgN1, ϳ15 Å from the active site of the adenylation domain. They are oriented in such a way that only one of the three ␤-strands (␤2), the ␣-helix, and termini make contact with the N-terminal subdomain of the adenylation domain, forming a 1437-and 1224-Å 2 interface for EntF-YbdZ and EntF-PA2412, respectively. No contacts are made either between MLP and the C-terminal subdomain of the adenylation domain or the thioesterase domain. Minimal contacts are made between the MLPs and the condensation domain. Most notably Gln-303, Leu-427, and Asp-430 of the condensation domain interact with residues found on the loop between ␤2 and ␤3 of the MLPs.
Similar to the structure of SlgN1, two of the three conserved tryptophan residues of YbdZ (Trp-27 and Trp-37) and PA2412 (Trp-25 and Trp-35) form a cavity that surrounds the side chain of Ala-826 of the adenylation domain ( Fig. 3 ). Leu-17 is located in the back of this pocket in YbdZ, and Val-15 is located in the back of this pocket in PA2412. The third conserved tryptophan for YbdZ and PA2412 (Trp-57 and Trp-55, respectively), located immediately after the longer ␣-helix, interacts with a pocket on the adenylation domain formed by Pro-817, Thr-820, and Ala-821. Interestingly, although the Trp residues have been shown to be important for MLP function, the equally well conserved proline residues on the MLP TioT can be substituted with alanine alone or in combination with no impact on MLP activity (27) .
Based on an interface analysis by the Proteins, Interfaces, Structures, Assemblies software (PISA) server (28) , there are 12 potential hydrogen bonds and two salt bridge between YbdZ and the EntF N-terminal subdomain of the adenylation domain. There are nine potential hydrogen bonds and three salt bridges between PA2412 and the EntF adenylation N-terminal subdomain. YbdZ and PA2412 share 25% sequence identity and 47% sequence similarity ( Fig. 3E ). Several of these similar residues interact with the adenylation domain.
The main difference between the interaction of YbdZ and PA2412 with EntF is the C termini of the MLPs (Fig. 3 , A and C). The C terminus of PA2412 (13) adopts a two-turn ␣-helix that was not seen in the solution structure of MbtH, which instead contains an extended coil (14) . SlgN1 is unique because the MLP is directly tethered to the N terminus of the adenylation domain. The linker between the MLP and the adenylation domain of SlgN1 is only resolved in two of the four monomers of the asymmetric unit in the unliganded Protein Data Bank structure 4GR4 and one of the four monomers in the AMPCPPbound Protein Data Bank structure 4GR5. This linker forms a coil containing a single turn helix, which does not make contact with the adenylation domain.
The C termini of YbdZ and PA2412 illustrate different interactions with the adenylation domain. The C terminus of YbdZ forms an extended coil that is cradled by His-595, His-596, Thr-597, and Gln-811 of the adenylation domain ( Fig. 3A ). By contrast, the analogous adenylation domain residues of SlgN1 cradle a single arginine residue located in the C-terminal coil. The C terminus of PA2412 forms a two-turn helix as it did in Protein Data Bank structure 2PST (13) . This helix is pulled away from the adenylation domain with Leu-63 oriented toward His-595 ( Fig. 3B ), reducing the size of the surface interface for PA2412 compared with YbdZ. Both N termini of YbdZ and PA2412 form a single turn helix and interact with Asp-801, Tyr-803, and Arg-837 in a similar manner (Fig. 3, A and B) .
MLP Binding Does Not Alter the Structure of the Adenylation Domain-We examined the EntF-MLP complexes to determine whether MLP binding affects either the adenylation domain structure or influences the position of the adenylation C-terminal subdomain. The adenylation domain is trapped in the thioester-forming conformation and interacts with the PCP domain. The complexes show that MLPs can bind adenylation domains that are in the thioester-forming conformation. Published work showed that YbdZ can activate the adenylate-forming reaction and can co-purify with recombinant adenylation domains that bind MLPs (8) . These data, along with the large interaction surface, suggest that MLPs bind to adenylation domains throughout the entire reaction cycle of the adenylation domain and not just during acyladenylate formation.
We next compared EntF structures in the presence and absence of the MLP. Alignments of our original structure with the current EntF-YbdZ complex show that steric conflicts preclude any trace YbdZ contaminants (shown to have the ability to co-purify with EntF from wild-type cells (8)) from interacting with the adenylation domain in the crystal lattice. The prior structure therefore represents an MLP-free EntF protein.
A comparison of the MLP-free and -bound states shows no changes to the protein structure that result from MLP binding. The r.m.s. displacement of the C␣ atoms of the adenylation domains for the MLP-free structure to either the YbdZ-and PA2412-bound structures is 0.3 Å. Aligning the entire adenylation domain of EntF to the two EntF-MLP complexes results in an r.m.s. displacement of 0.4 -0.6 Å. In all three structures, the residues that interact with an MLP, as well as active site residues that interact with the adenylate or serine moiety, are in nearly identical positions.
Biochemical Analysis of MLP Activation-To assess biochemically the MLP activation, the pyrophosphate exchange assay (29) was utilized to monitor acyladenylate formation ( Table 2 ) with three adenylation domains and their substrates: EntF adenylation of serine, the excised adenylation domain from PvdL module 2 (PvdL-M2A) adenylation of glutamate, and NikP1 adenylation of histidine. PvdL is a four-module NRPS protein from the pyoverdine cluster of P. aeruginosa (30) , which is sensitive to activation by PA2412. 3 NikP1 is present in the nikkomycin biosynthetic operon from Streptomyces tendae. Like SlgN1, NikP1 contains the MLP fused to the N terminus of the adenylation domain. NikP1 also contains a PCP immediately downstream of the adenylation domain (31) .
All three proteins were purified from a strain lacking the endogenous E. coli MLP. To assess the MLP dependence of NikP1, the tethered MLP was removed, and the truncated NikP1, containing the adenylation domain and PCP, was expressed and purified. The MLP domain from NikP1 could not be expressed solubly. Therefore, PA2412 was used as a substitute to demonstrate whether the truncated adenylation domain-PCP construct remained functional. Both NikP1 and PvdL-M2A were inactive in the absence of MLP, and activity 3 M. G. Thomas, personal communication. was observed in the presence of an MLP. Addition of PA2412 was able to restore activity to the truncated NikP1 adenylation domain-PCP protein.
Unlike PvdL-M2A and NikP1, EntF is active in the absence of an MLP. This was reported previously by Felnagle et al. (8) , who concluded that MLP binding is required to lower the K m for serine to concentrations found within the cytosol of E. coli. Because EntF retained some activity in the absence of YbdZ, apparent kinetic rates for both serine and ATP were measured at 37 and 0°C in the presence and absence of YbdZ.
At 37°C, there was no appreciable difference in the k cat for serine between YbdZ-bound and unbound EntF. There was, however, a modest 4-fold increase in the K m for serine when YbdZ was not bound. At 0°C, addition of YbdZ led to a 35-fold decrease in K m and a 2-fold increase in k cat for serine, resulting in a ϳ70-fold increase in enzymatic efficiency (k cat /K m ). The addition of PA2412 results in a 39-fold increase in k cat /K m .
The differences in apparent kinetic efficiency for ATP were not as significant as those for serine. At 37°C, there was no difference in either k cat or K m . At 0°C, addition of YbdZ results in a 2-fold increase in enzymatic efficiency. These data suggest that MLP binding more significantly influences the kinetic efficiency for amino acid utilization.
The adenylation domains of both EntF and SlgN1 (16) contain an alanine residues that inserts into the tryptophan pocket of the MLP. The importance of the alanine (16) and tryptophan residues (9) have been confirmed biochemically. Several adenylation domains known to be MLP-activated, for example PacL (9), VbsS (10), NovH (11) , and Cgc18 (32), all have a proline in place of the alanine. NikP1 also contains a proline at this position. A mutation of Pro-449 to alanine in full-length NikP1 retained MLP-dependent activity ( Table 2) . Therefore, alanine and proline are interchangeable residues, both capable of inserting into the tryptophan cavity of a single MLP.
The EntF Thioesterase Domain Adopts a New Orientation-The overall structure of the thioesterase domain of EntF is similar to other structures. The core of the domain contains six parallel ␤-strands and one antiparallel ␤-strand, which form one continuous central ␤-sheet. This ␤-sheet is surrounded by five ␣-helices. Within this ␣,␤-fold is the active site that consists of Ser-1138, His-1271, and Asp-1165. This catalytic triad aligns well with the active sites of other thioesterase domain structures, including SrfA-C (24, 33), AB3404 (21) , and the excised EntF thioesterase domain interacting with the PCP in a catalytic manner (22, 23) ( Fig. 4B) .
Atop the thioesterase ␣,␤-fold housing the catalytic triad sits a lid composed of two ␣-helices. This region is known to adopt both an opened and closed conformation (33) . In the open conformation, the first ␣-helix of the lid is angled upward, forming an opening on the face opposite of where the PCP interacts. In the closed conformation, both ␣-helices of the lid are parallel relative to each other. In the MLP-bound structures of EntF, the lid region adopts a closed conformation with overall good electron density for both ␣-helices (Fig. 4C) .
In the previous EntF crystal structure, the thioesterase domain was completely unresolved (21) . In the new crystal form, the thioesterase domains of the MLP-EntF structures are resolved and located alongside the adenylation domain, form-ing a 565-Å 2 interface with the N-terminal subdomain (Fig.  4A ). This results in an overall linear architecture of the condensation, adenylation, and thioesterase domains (Fig. 2) . This striking new position of the thioesterase domain represents an 83-and 92-Å movement of the center of mass of this domain relative to the comparable positions in the SrfA-C and AB3403 structures, respectively. Our structures further support a dynamic system in which the thioesterase domain is free to adopt several different conformations and locations while the module is in the thioester-forming conformation. The lack of interactions between the thioesterase domain and the core of the protein suggests it may be loosely tethered to the PCP and relatively free to move in solution.
Changes to the Condensation-Adenylation Didomain Core of the Module-The interactions between the condensation domain and the adenylation domain of modular NRPSs are quite extensive. The condensation-adenylation domain interface is 1023, 1097, and 780 Å 2 for AB3403, SrfA-C, and EntF, respectively. In each of these three structures, the orientation of the condensation domain relative to the adenylation domain differs slightly. The condensation domains of AB3403 and EntF are rotated by ϳ25°compared with SrfA-C. Furthermore, the condensation domain of EntF is kinked upward toward the adenylation domain. This orientation appears to be incompatible with the adenylate-forming conformation as the C-terminal subdomain of the adenylation domain would clash with the C-terminal lobe of the condensation domain. We therefore hypothesized that to adopt the adenylate-forming conformation the condensation domain of EntF in the original structure (21) would need to shift away from the adenylation domain to a similar position as seen in AB3403. In both EntF-MLP complexes, this is precisely the case. Despite being in the thioesterforming conformation, the condensation domain moves away from the adenylation domain ( Fig. 5 ). This change in the condensation-adenylation domain interface confirms that the condensation domain can move relative to the adenylation domain within a single protein.
Conformational Changes at the PCP Binding Site within the Condensation Domain-To accommodate both the upstream and downstream PCPs, it was hypothesized that the bilobed condensation domain undergoes an opening and closing (24, 34) . Both AB3403 and EntF are in a closed conformation despite the modules being in different stages of the NRPS catalytic cycle. Although the condensation domains of the EntF-MLP complexes demonstrate mobility relative to the adenylation domain, the condensation domains from all three EntF structures are in the same closed conformations with an overall r.m.s. displacement of 1.2 Å. The largest difference between the condensation domains, besides their orientation, is an unraveling of ␣1 in the MLP complexes.
The PCP of AB3403 sits on top of ␣1 and ␣10 of the condensation domain to allow the 4Ј-phosphopantetheine (PPant) arm of the PCP to extend into the active site (21) . In the new structures, ␣1, consisting of residues 10 -20, is unwound and largely unresolved (Fig. 6A) ; however, ␣10 is in the same location as seen previously in other condensation domains. As a result of this unwinding, the tunnel in which the downstream PCP PPant enters is much larger than seen in any other condensation domain structure (Fig. 6E ).
This unwinding of ␣1 also alters the active site. The condensation domain active sites possess a conserved HHXXXDG motif. The second histidine of this motif is crucial for peptide bond formation (35) . In all current crystal structures of condensation domains, this histidine is orientated down, away from ␣1 and ␣10 and into the center of the condensation domain tunnel (Fig. 6) . The new EntF structures show that unwinding of ␣1 allows this catalytic histidine to change rotamers and rotate upward toward the opening formed by the unwinding of ␣1 (Fig. 6,  A and D) . Trp-27 is now shifted down, impeding His-127 from pointing into the active site (Fig. 6D ). Based on these structural changes, it is possible that this unwinding of ␣1 may be an opening mechanism specific for the downstream PCP and PPant.
Discussion
We present herein the structures of EntF bound to two MLPs, its true partner and a homolog from P. aeruginosa. In this structure, EntF is trapped in the thioester-forming conformation with the PCP directed into the adenylation domain active site bound to the mechanism-based inhibitor Ser-AVS. The MLP-adenylation domain interaction is similar to that seen with SlgN1, and the availability of multiple structures allows us to test several structural hypotheses regarding the nature of the MLP-adenylation domain interaction. Adenylation domains catalyze two partial reactions, the combination of ATP and the amino acid to form an aminoacyladenylate and pyrophosphate and the subsequent thioesterforming reaction where the pantetheine thiol displaces the AMP to load the pantetheine with the amino acid. These two steps are catalyzed by two conformations of the adenylation domain, a process referred to as domain alternation (15) . The MLP could enhance or activate the adenylation domain by altering the structure of the adenylation domain to adopt a catalytically competent conformation. Comparison of the structures of EntF in the presence and absence of MLPs does not show any difference to support, for example, a movement of an important catalytic loop into position. Alternately, enhancement of adenylation domain activity could occur if MLP binding promoted the formation of the adenylate-forming conformation by preventing formation of the alternate catalytic orientation. This also does not seem to be the case. It appears therefore that the activation of the adenylation domain by an MLP is not the result of a structural change.
An important caveat is that EntF is, as noted, only enhanced by the MLP and not fully activated. The other complete NRPS modules that have been structurally characterized appear not to be MLP-dependent. The organisms encoding AB3403 and LgrA do not contain any MLPs in the genome, and SrfA-C contains a glutamate residue at the site of the tryptophan insertion residue that is an alanine in EntF and SlgN1. Therefore, additional structural studies of MLP interactions with complete NRPS modules, particularly those that are fully MLP-dependent, may offer different views into the impact of MLP binding on the adenylation domain.
Adenylation domains can require MLPs for either solubility or activity, and some, such as EntF and NovH (11) , are unusual as they function without MLPs but show increased activity upon MLP binding. We asked whether these structural and biochemical data could allow one to determine from an amino acid sequence if an adenylation domain will accommodate an MLP. Both alanine and proline are compatible with the stacked tryptophans of MLPs. The MLP of NikP1 can coordinate both residues potentiating adenylation domain activity (Table 2) . PA1221, an adenylation-PCP didomain protein from P. aeruginosa, has a glutamate in this position and is not activated by the only MLP in P. aeruginosa (36) ; similarly, inserting a glutamate in place of the alanine in SlgN1 abolished MLP binding (16) . Therefore, a larger polar residue in this position is likely incompatible with MLP binding.
This crucial tryptophan-coordinated residue is located 13 residues after the A6 motif (15, 37) and two residues after a highly conserved hydrophobic residue, most often phenylalanine. Using this fingerprint, GEX 10 GYX 10 FX(A/P) with GEX 10 GY representing the structural A6 motif and A/P representing the tryptophan-coordinated residue, a bioinformatics search was carried out to determine the variation of the tryptophan-coordinated residue among NRPS adenylation domains. To do this, the same adenylation domain database used to assess adenylation-PCP domain linkers (26) was again analyzed. To eliminate potential shifts due to gaps in the sequence, any sequence that did not match the fingerprint was not included in the analysis. Some degree of freedom was given to GE, GY, and Phe as long as it was clear the substitute residue was comparable and that no more than two of the five residues varied. Of the 6,375 sequences in the original adenylation domain database, 5,237 (82%) fit these criteria. Of these, 38% contained an alanine at the tryptophan-coordinated site, and 26% contained a proline. Aspartate and glutamate occupy this position in 15% of adenylation domain sequences. The remaining 21% of sequences contain the other 16 amino acids of which threonine is most common at 4.5% (supplemental Fig. S1 ).
This analysis indicates that the majority of NRPS adenylation domains can potentially accommodate MLPs to some extent because alanine and proline were heavily favored at this position. However, it is known that some adenylation domains, for example EntE, contain an alanine at the tryptophan-coordinated site and yet do not show MLP binding or enhancement (8) . Consequently, it may be easier to predict that an adenylation domain is MLP-independent rather than MLP-dependent. Sequence analysis alone is insufficient to classify an adenylation domain as MLP-dependent, and definitive support will continue to require biochemical verification.
Listed in supplemental Table S1 are adenylation domains that to our knowledge have been tested for MLP dependence. Of the 27 listed, 13 require MLPs for acyladenylate formation, six require MLPs for solubility, two are enhanced by MLPs, four are not affected by MLPs, and two do not require MLPs for in vivo activity because the organism lacks an endogenous MLP. Interestingly TioK, which requires MLP binding for solubility (27) , has a leucine at the tryptophan-coordinated site (Fig. 7) . This suggests that larger non-polar residues, such as leucine, isoleucine, and valine, which make up 3.8% of all possible residues at this location, may also insert into the tryptophans of MLPs.
Our structural analysis identified other binding interactions between the MLP and adenylation domain. For example, the third tryptophan of the MLP interacts with a pocket formed by Pro-817, Thr-820, and Ala-821. These three residues are well conserved in the adenylation domains that require an MLP interaction (Fig. 7) .
The EntF structures presented here provide additional views that expand our understanding of the conformations adopted by NRPSs. The EntF crystal structures are in the thioester-forming conformation with the PCP covalently trapped in an interaction with the adenylation domain due to the serine adenosine vinylsulfonamide inhibitor. The three NRPS modules with the same architecture, SrfA-C, AB3403, and EntF, show very different locations for the terminal thioesterase domain. In none of these structures does the thioesterase domain make significant contacts with the remainder of the protein. Therefore, it appears that the location of the thioesterase domain within the module is highly variable and is loosely based on the location of the PCP as it cycles through the NRPS catalytic cycle.
The unwinding of ␣1 and the alternate rotamer for the catalytic histidine in the condensation domain of the new EntF structures are the only condensation domain structures in which this exists (Fig. 6) . Because ␣1 is one of two helices that coordinate the binding of the downstream PCP, it seems plausible that the unwound structure would be unable to facilitate a OCTOBER 21, 2016 • VOLUME 291 • NUMBER 43
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downstream PCP interaction. This unwinding also creates a larger active site tunnel in the condensation domain. It is possible that this unwinding may be a mechanism to allow for binding and release of the downstream PPant and bound nascent natural product. Further biochemical work will need to be done to confirm this hypothesis. Together with a recent structure of an upstream PCP with an epimerization domain, a structural homolog of NRPS condensation domains (38) , our understanding of the functional complexes with condensation domains is becoming much clearer.
Both the adenylation-PCP and PCP-thioesterase domain linkers of the EntF structures are disordered. This suggests that these regions do not have a single conformation in the thioester-forming conformation. The adenylation-PCP linker in EntF is ordered through the LPXP motif, located at Leu-958 through Pro-961, but becomes disordered at residue Leu-963. This supports our prior hypothesis that the LPXP motif of the adenylation-PCP linker anchors it to the C-terminal subdomain of the adenylation domain (26) . This motif secures the adenylation A10 loop, harboring the catalytic lysine, and assists in coordinating the movement between the C-terminal subdomain of the adenylation domain and the PCP.
The recent NRPS modular structures of AB3403, LgrA, and EntF will assist in understanding the required intradomain interactions for natural product biosynthesis. These insights could lead to new development in combinatorial biosynthesis and production of novel peptide natural products. The structures of EntF presented here now allow analysis of MLP binding in the context of a full module and shed light on the dynamics of the thioesterase domain and the movement of the condensation domain relative to the adenylation domain.
Experimental Procedures
Cloning of NRPS Genes-The entF, entE, and entB genes were amplified from the genomic DNA of E. coli strain JM109 (26, 39) . Accession numbers and domain boundaries are reported in supplemental Table S2 . The adenylation-PCP domains from pvdL module 2 and the MLP pa2412 were amplified from P. aeruginosa strain PAO1 (13) . The adenylation domain from the amplified pvdL gene (PvdL-M2A) was created by placing a stop codon after the adenylation domain and before the PCP. The nikP1 gene was generously provided by Walsh and co-workers (31) . To remove the tethered MLP from NikP1, an NdeI-cut site was introduced after the attached MLP and before the adenylation domain. After removal, T4 ligase was used to ligate the NikP1 adenylation-PCP domain construct into a pET15b plasmid. Finally, the ybdZ gene was chemically synthesized (GenScript) and provided in a pUC57 plasmid. All genes were cloned into a modified pET15b vector encoding an N-terminal His 5 tag sequence and TEV protease recognition site (40) . GenBank TM accession numbers and domain boundaries for protein fragments are listed in supplemental Table S2 .
Expression of EntF, EntE, EntB, and YbdZ-Expression of EntE, EntB, and YbdZ was carried out in BL21-DE3 cell line. EntF was expressed in BL21-DE3 ⌬ybdZ cells kindly provided by Dr. Michael G. Thomas, University of Wisconsin. This eliminated the possibility of co-purifying the endogenous E. coli MLP, YbdZ, with EntF. Cells grew at 37°C in LB medium until an A 600 of 0.6 was reached. Expression was induced with 1 mM IPTG, and the cells were incubated at 16°C overnight (ϳ18 h). Cells were harvested via centrifugation and flash frozen in liquid nitrogen. The cells were lysed via sonication in lysis buffer containing 50 mM Tris, pH 7.5, 400 mM NaCl, 0.2 mM TCEP, 10% glycerol (v/v), and 10 mM imidazole. After centrifugation FIGURE 7 . Sequences of adenylation domains that have been tested for MLP dependence. Alignment of all adenylation domains tested for MLP dependence from supplemental Table S1 is shown. Highlighted regions include the A6 motif (cyan), the tryptophan-coordinated residues (pink), and the A7 motif (orange). Asterisks above indicate the residues that interact with the MLPs from the crystal structures of SlgN1 (green), EntF-PA2412 (red), and EntF-YbdZ (blue). MLP dependence is noted on the left.
to remove cell debris, the lysate was passed over a 5-ml Ni 2ϩ ⅐HiTrap Chelating HP column (GE Healthcare), and bound proteins were eluted with lysis buffer containing 300 mM imidazole. The eluate was dialyzed overnight in cleavage buffer containing 50 mM Tris, pH 7.5, 400 mM NaCl, 0.2 mM TCEP, 10% glycerol (v/v), and 0.5 mM EDTA. During the overnight dialysis, TEV protease was incubated with the protein to remove the His tag. For EntF and EntB, which contain a PCP, 200 nM Sfp (the promiscuous phosphopantetheinyltransferase from Bacillus subtilis), 100 M CoA, and 1 mM MgCl 2 were added to the dialyzing proteins. The next morning the proteins were passed over a nickel affinity column once more to remove cleaved His tag, Sfp, and TEV. The flow-through was collected and concentrated to 3 ml. The concentrated flow-throughs for EntF, EntE, and EntB were run over a Superdex 200 16/600 gel filtration column in 50 mM EPPS, pH 8.0, 150 mM NaCl, 0.2 mM TCEP, and 10% glycerol (v/v). All proteins were concentrated to the desired concentration via centrifugal filters and flash frozen in liquid nitrogen.
Expression and Purification of PvdL-M2A and PA2412-PvdL-M2A and PA2412 were purified similarly as EntE, EntB, and EntF. Briefly, BL21-DE3 ⌬ybdZ for PvdL-M2A and BL21-DE3 cells for PA2412 were grown at 37°C to an A 600 of 0.6, and protein expression was induced with the addition of 750 M IPTG. The induced cells were incubated overnight at 16°C. Cells were lysed via sonication with 50 mM Tris, pH 7.5, 150 mM NaCl, 20 mM imidazole, and 0.2 mM TCEP. After centrifugation, the proteins were eluted from a 5-ml Ni 2ϩ ⅐HiTrap Chelating HP column with lysis buffer with 300 mM imidazole. TEV protease was added to the eluted proteins and dialyzed overnight at 4°C in 50 mM Tris, pH 7.5, 150 mM NaCl, 0.2 mM TCEP, and 0.5 mM EDTA. The next day a second nickel column was run to separate the cleaved proteins from the His tags and protease. PA2412 was then flash frozen in liquid nitrogen and stored. PvdL-M2A was run over a Superdex 200 16/600 gel filtration column in 20 mM Tris, pH 7.5, 40 mM NaCl, and 0.2 mM TCEP. Protein was flash frozen in liquid nitrogen and stored at Ϫ80°C.
Expression and Purification of NikP1 Constructs-BL21-DE3 ⌬ybdZ cells containing the NikP1 and truncated NikP1 plasmids were grown at 37°C until an A 600 of 0.6 was reached. Protein expression was induced with 500 M IPTG, and cells were incubated overnight at above for the other proteins. The lysis buffer contained 25 mM Tris, pH 8.0, 400 mM NaCl, 0.2 mM TCEP, 10% glycerol (v/v), and 10 mM imidazole. Protein was eluted from the nickel column in lysis buffer that contained 300 mM imidazole. TEV protease, Sfp, CoA, and MgCl 2 were added, and the protein was dialyzed overnight at 4°C in 25 mM Tris, pH 8.0, 400 mM NaCl, 0.2 mM TCEP, 10% glycerol (v/v), and 0.5 mM EDTA. Dialyzed protein eluted from the second nickel affinity column was further purified with the gel filtration column in 25 mM Tris, pH 7.5, 50 mM NaCl, 0.2 mM TCEP, and 10% glycerol (v/v).
Pyrophosphate Exchange Assay-To assess acyladenylate formation for EntF, PvdL-M2A, and NikP1, the pyrophosphate exchange assay was used to monitor the reverse formation of radiolabeled ATP (29) . 100-l reactions were set up containing 1 M enzyme, 200 M Na 4 PP i , and 0.15 Ci of Na 4 [ 32 P]PP i in 50 mM HEPES, pH 8.0, 100 mM NaCl, 10 mM MgCl 2 , and 1 mM EDTA. For measuring apparent amino acid kinetics (EntF-serine, PvdL-M2A-glutamate (pH 7.5), and NikP1-histidine), saturating concentrations of ATP were added. For EntF and NikP1, this was 2 mM ATP, and for PvdL-M2A, this was 5 mM ATP. Amino acid concentrations varied from 1 M to 1 mM. For measuring apparent ATP kinetics, amino acids were kept at a saturating concentration of 5 mM. The ATP concentration varied from 1 M to 1 mM. Reactions were carried out at 37°C or on ice (0°C) for 10 min and then quenched with 500 l of 1.2% (w/v) activated charcoal, 0.1 M Na 4 PP i , and 0.35 M perchloric acid. Samples were centrifuged, and the pelleted charcoal was washed with 1 ml of distilled H 2 O twice. After the final wash, the charcoal was resuspended and transferred to 10 ml of liquid scintillation fluid. Radiolabeled nucleotide was quantified using a Packard Tri-Carb 1900 TR liquid scintillation counter. Apparent kinetic values were calculated using non-linear regression curve fitting and the Michaelis-Menten equation. Activity for the EntF ϩ YbdZ data yields a specific activity ranging from 2 nmol/min/mg with 1 M serine to 108 nmol/min/mg with 1 mM serine; activity below 0.5 nmol/min/mg was considered below the limits of detection.
EntF-YbdZ Crystallization and Structure Determination-Prior to crystallization of EntF, a Ser-AVS inhibitor (21) was added to the protein at a concentration 4ϫ that of EntF and incubated at room temperature (ϳ22°C) for 2-4 h. Also added at that time was YbdZ in equal molar amounts to EntF. Crystal conditions were first identified using the Hauptman-Woodward high throughput screen (41) . Long thin needles grew from a single nucleation point in a mixture containing 100 mM Bistris propane, pH 7.5, 125-150 mM MgCl 2 , and 22-28% PEG 4000 (w/v). Crystals were replicated using hanging drop vapor diffusion at 20°C. EntF (30 mg/ml) was used with a protein to mixture volume ratio of 1:1. A batch mimic approach (19, 21) was used in which the mixture was diluted in half with EntF dialysis buffer in the reservoir. Although the diluted mixture was used in the reservoir, the undiluted mixture was used in the 1:1 protein drop. Because these needle-like crystals were too thin to work with, they were used as seeds for larger crystals. A Seed Bead (42) was used to crush the original needle crystals. These microcrystals were used for seeding with 20 mg/ml EntF in the same mixtures and reservoirs as above with a protein-mixtureseed ratio of 0.8:0.6:0.2. Larger single crystals grew at 14 and 20°C.
The larger crystals grown from seeds were harvested and cryoprotected with the original undiluted mixture supplemented with 10% 2,3-butanediol (v/v). Diffraction data were collected on Advanced Photon Source (APS) beamline 23-ID-B using the rastering option to find the optimal spots on the crystals. Diffraction data from several partial data sets from three crystals were indexed, merged, and scaled using iMOSFLM (43) in space group I2. Combining these data sets resulted in overall good statistics (Table 1 ) with a completeness of 93.1% overall and 93.7% in the outer resolution shell. Structure determination was carried out in PHENIX (44) . Molecular replacement was performed using the previous EntF structure (21) as a model. Due to slight differences in overall architecture, the EntF molecular replacement model was split into individual
